Smad6 inhibits BMP/Smadl signaling
by specifically competing with the
Smad4 tumor suppressor
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Bone morphogenetic protein (BMP) receptors signal by phosphorylating Smad1, which then associates with
Smad4; this complex moves into the nucleus and activates transcription. Here we report the existence of a
natural inhibitor of this process, Smad6, a longer version of the previously reported JV15-1. In Xenopus
embryos and in mammalian cells, Smad6 specifically blocks signaling by the BMP/Smad1 pathway. Smad6
inhibits BMP/Smad1l signaling without interfering with receptor-mediated phosphorylation of Smadl. Smad6
specifically competes with Smad4 for binding to receptor-activated Smad1, yielding an apparently inactive
Smadl-Smad6 complex. Therefore, Smad6 selectively antagonizes BMP-activated Smadl by acting as a Smad4

decoy.
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Members of the transforming growth factor B (TGFR)
family of cytokines, which also includes activins and the
bone morphogenetic proteins (BMPs), initiate signaling
from the cell surface by interacting with two distinct
serine/threonine kinase receptors (Massagué and Weis-
Garcia 1996; ten Dijke et al. 1996). Ligand binding in-
duces the formation of a complex in which the type Il
receptor phosphorylates and activates the type | receptor;
this protein then propagates the signal by phosphorylat-
ing a family of signal transducers, the Smad proteins
(Massagué et al. 1997). To date, eight vertebrate Smad
proteins, Smadl-Smad-7 and Smad-9, are cloned (Mas-
sagué et al. 1997; Topper et al. 1997; Watanabe et al.
1997). The members of this family have conserved
amino- and carboxy-terminal domains, hereafter referred
to as the N-domain and the C-domain. The C-domain
has effector function, as it participates in homomeric
and heteromeric interactions (Hata et al. 1997; Shi et al.
1997; Wu et al. 1997) and acts as a transcriptional acti-
vator (Chen et al. 1996; Liu et al. 1996).

Although Smads display common structural features,
recent studies have revealed that their functions in the
signaling pathway are diverse and can be divided into
three classes: (1) receptor-regulated Smad proteins,
which act as direct substrates of the receptors; (2) Smads
that act as functional partners of the receptor-regulated
Smads; and (3) antagonistic Smads or anti-Smads.
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Smadl, Smad2, Smad3, Smad5, and Smad9 belong to the
first class: Smad 1 and presumably its closely related
members Smad5 and Smad9 mediate BMP signaling
(Graff et al. 1996; Hoodless et al. 1996; Lechleider et al.
1996; Liu et al. 1996; Thomsen 1996; Yingling et al.
1996; Kretzschmar et al. 1997; Suzuki et al. 1997; Wa-
tanabe et al. 1997) whereas Smad2 and Smad3 mediate
TGFB/activin signaling (Baker and Harland 1996; Eppert
et al. 1996; Graff et al. 1996; Macias-Silva et al. 1996;
Zhang et al. 1996). These Smads are directly phosphory-
lated on serine residues at their carboxy-terminal ends
(SSXS motif) by the specific type | receptor (Macias-Silva
et al. 1996; Kretzschmar et al. 1997), and their phos-
phorylation leads to formation of a heteromeric complex
with the second Smad class, which includes Smad4 in
vertebrates (Lagna et al. 1996; Zhang et al. 1997). Unlike
receptor-regulated Smads, which are specific for each
pathway, the tumor suppressor Smad4/DPC4 (Hahn et
al. 1996) acts as a shared partner for both BMP-specific
and TGFR/activin-specific Smads (Lagna et al. 1996;
Zhang et al. 1997) and plays an essential role as a tran-
scriptional activator in the nucleus (Liu et al. 1997).
Recently, a third class of Smads has been reported,
whose members act as antagonists of these signaling
pathways (Hayashi et al. 1997; Imamura et al. 1997; Na-
kao et al. 1997; Topper et al. 1997; Tsuneizumi et al.
1997). When overexpressed, these Smads can interact
with various type | receptors and nonselectively inhibit
signaling by various TGFB superfamily members, lead-
ing to the notion that antagonistic Smads act as general
blockers of type | receptors (Hayashi et al. 1997;
Imamura et al. 1997; Nakao et al. 1997). In contrast to
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this model, the results presented here show that both in
Xenopus and in mammalian cells, Smad6 efficiently
blocks Smad1 signaling, without inhibiting Smad2 sig-
naling. Consistently, we observe a direct, BMP-depen-
dent interaction of Smad6 with Smadl, but not with
Smad2 or Smad4. The Smadl-Smad6 interaction can
prevent the formation of the Smadl-Smad4 complex,
which is required for BMP signaling. Although Smad6
can associate with type | receptors, it does so indiscrimi-
nately and inhibits Smadl signaling without inhibiting
receptor-mediated phosphorylation. Thus, we conclude
that Smad6 inhibits BMP/Smad1 signaling in vivo by
acting as a selective Smad4 decoy.

Results
Smad6 structure

Smad6 (originally known as JV15-1) was previously re-
ported to be a 235-amino-acid protein encoded by various
human EST clones (Riggins et al. 1997). By screening a
human T-cell cDNA library with a probe corresponding
to the Smad6 C-domain, we isolated a cDNA encoding a
496-amino-acid protein (Fig. 1A) with a typical full-
length Smad domain structure (Fig. 1B). The screening of
a Xenopus library yielded partial cDNA clones encoding
products that were >67% identical to the last 276 amino
acids of the human Smad6 sequence. Smad6 is more
closely related to Smad7 (40% identity; Fig. 1A) than to
other Smads (17%-19% identity; Fig. 1B). Smad6 lacks
the carboxy-terminal SSXS motif that serves as a recep-
tor phosphorylation site in receptor-regulated Smads
(Macias-Silva et al. 1996; Kretzschmar et al. 1997) and
lacks an additional portion at the carboxyl terminus that
is highly conserved in other Smads (Fig. 1C).

Smad6 RNA injection causes formation of ectopic
dorsal axes in Xenopus embryos

Whole-mount in situ hybridization of Xenopus embryos
at gastrula, neurula, and tadpole stages with a Xenopus
Smad6 probe revealed a generalized pattern of Smad6
expression in all stages (data not shown). To begin to
address the function of Smad6é in vivo, RNA encoding
human Smad6 was coinjected with B-galactosidase
RNA, used as lineage tracer, into the ventral vegetal
blastomeres of eight cell stage embryos. Embryos in-
jected with these transcripts, develop a secondary dorsal
axis in >90% of the cases (n = 30; Fig. 2A). Injection of
greater amounts of Smad6 induced secondary axes that
were proportionally more complete (Fig. 2A, top right).
Furthermore, B-gal staining of the injected embryos re-
vealed that the progeny of the injected blastomere di-
rectly contributed to the ectopic axis, suggesting an or-
ganizer type of activity mediated by Smad6 (Fig. 2A). As
with other Smad C-domains (Baker and Harland 1996;
Liu et al. 1996), constructs encoding the isolated C-do-
main of Smad6 (human or Xenopus) were more potent
than full-length Smad6 at generating this phenotype
(data not shown).

Smad6 inhibits BMP signaling by an anti-Smad mechanism

Control injections of Smad6 in the dorsal marginal
zone produced embryos with enhanced head structures
but with a normal primary axis, suggesting the inability
of Smad6 to interfere with dorsal mesoderm formation
(Fig. 2B). The injection of RNAs encoding activin (Thom-
sen et al. 1990), inhibitors of the BMP pathway, such as
Noggin (Smith and Harland 1992), Chordin (Sasai et al.
1994), Follistatin (Hemmati-Brivanlou et al. 1994; Sasai
et al. 1995), or the dominant-negative type | BMP recep-
tor (tBMPR-I) (Graff et al. 1994; Suzuki et al. 1994), can
give rise to a similar secondary axis phenotype. Overex-
pression of Smad2 has the same effect [Fig. 2C (Baker and
Harland 1996; Graff et al. 1996)]. In this assay, coinjec-
tion of Smad2 and Smad6 produces secondary axes that
are more frequent and extend more anteriorly than those
obtained by injection of either Smad alone at the chosen
concentrations (Fig. 2C), suggesting an additive effect.
The results obtained with Smad6 are therefore consis-
tent with either activation of the activin pathway or in-
hibition of BMP signaling.

Smad6 inhibits BMP signaling and neuralizes
ectodermal explants

To differentiate between the two possibilities described
above, we took advantage of the ectodermal explant (ani-
mal cap) assay. When removed at blastula stages and
cultured in saline solution, animal caps develop as epi-
dermis. This is the result of endogenous BMP signaling
that induces and maintains the epidermal fate within the
explants. Any interference with this signaling pathway
unveils the “default” fate of the ectoderm and the cells
switch their fate to neural (Wilson and Hemmati-Brivan-
lou 1997). Animal caps incubated with activin protein,
on the other hand, develop as mesoderm (Asashima et al.
1990; Smith et al. 1990; Thomsen et al. 1990; van den
Eijnden-Van Raaij et al. 1990). Therefore, the animal cap
assay offers an easy way to distinguish between an effect
of Smad6 that is due to the activation of the activin
pathway versus an interference with the BMP pathway.

Embryos were injected with either control RNA or
transcripts encoding full-length Smad6 or its C-domain
in the animal pole. Animal caps were removed at blas-
tula stage and allowed to develop until controls reached
tailbud stages, at which time they were assayed by re-
verse transcription (RT)-PCR for cell fate choices. Figure
2D shows that overexpression of Smad6 or Smad6 C-
domain (amino acids 272-496) leads to the induction of
NRP-1, a pan-neural marker, and XAG-1, a marker of
cement gland (an organ associated with neural tissue in
Xenopus). Interestingly, low levels of full-length Smad6
(0.5 ng) induced mostly cement gland, whereas a higher
dose (4 ng) also induced neural tissue efficiently. A simi-
lar dose-dependent effect has also been observed for Nog-
gin and tBMPR-IA and is thought to reflect a gradual
inhibition of the morphogen-like action of the BMPs
(Wilson et al. 1997). Importantly, no expression of the
axial mesodermal marker muscle actin was detected
(Fig. 2D), indicating that induction of neural tissue is
direct. Furthermore, coinjection of Smad6 inhibited the
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Figure 1. Structure of Smad6. (A) Alignment of the predicted amino acid sequence of human Smad6 and Smad7. Identical residues

are boxed. (B) Smad homology tree and schematic comparison of the structures of Smad6, Smad7, and Smadl. The amino and
carboxy-terminal homologous regions (N- and C-domain) are darkly shaded. A region conserved only between Smad6 and Smad?7 is
lightly shaded. (C) Alignment of C-domain sequences of Smad6 and other Smads, indicating the secondary structure elements of the
Smad4 C-domain (Shi et al. 1997). In the crystal structure of Smad4 this region forms an «-helix (a-helix 5) that associates with
a-helices 3 and 4 in a three-helix bundle. This structure contributes the formation of a Smad4 homotrimer by interacting with loops
1 and 2 of the adjacent monomer. The region corresponding to loops 1 and 2 in Smad6 is also very divergent from Smad4 and the
receptor-regulated Smads. However, most of the components that constitute the B-sandwich core structure of the Smad4 C-domain

are conserved in Smad®6.

induction of the ventral mesoderm marker globin by the
constitutively active BMP type | receptor BMPR-IB(QD)
(Fig. 2E; Kretzschmar et al. 1997). These results strongly
suggest that Smad6 acts as an antagonist of BMP signal-
ing rather than as a mediator of activin signaling.

Smad6 is an inhibitor of BMP/SmadLl signaling

To determine whether Smad6 might be an inhibitor of
BMP signals mediated by Smad1l, we tested the effects of
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the corresponding transcripts, alone or in combination,
on the induction of ventral mesoderm markers in the
animal cap assay. Overexpression of Smad6 alone inhib-
ited the basal level of expression of Xvent-1 and Xhox-3
(Fig. 3A). Induction of these two markers is known to
require endogenous BMP signals mediated by Smadl
(Lagna et al. 1996; Liu et al. 1996; Thomsen 1996). Fur-
thermore, Smad6 potently inhibited the overinduction of
these markers by coinjected Smad1 (Fig. 3A). Smad6 in-
hibited Smad1 signaling specifically, as it did not inter-
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Figure 2. Smad6 induces secondary axes and neuralizes ectoderm in Xenopus. (A) Smad6 overexpression induces the formation of a
secondary axis. Smad6é RNA (0.5-4 ng) was coinjected with nuclear B-galactosidase (3-gal)RNA (100 pg) into the ventral vegetal
blastomeres of eight cell stage embryos. Unlike control embryos injected with -gal alone (bottom right), Smad6 coinjected embryos
develop an ectopic dorsal axis (left and top right). B-Galactosidase staining of the injected embryos reveals that the progeny of the
injected blastomere directly contribute to the ectopic axis. Dorsal at left; anterior at top. Lateral at right; anterior at left. (B) Smad6 does
not affect formation of the primary dorsal axis. Smad6 RNA (1-4 ng) was injected into the dorsal marginal zone of four cell stage
embryos. Compared to control embryos (left panel), Smad6-injected tadpoles display enlarged heads and cyclopia, but have normal
body axes (right). (C) Secondary axis formation by the activin signaling molecule Smad?2 is enhanced by coinjection of Smad6. Smad2
RNA (1 ng), Smad6 RNA (1 ng), or both RNAs (1 ng each) were injected into ventral vegetal blastomeres of eight cell stage embryos.
Coinjection of Smad2 and Smad6 produces secondary axes (red arrows) that are more complete than those obtained by injection of
either Smad alone. Anterior is at top. (D) Smad6 neuralizes ectodermal explants. Smad6 and Smad6 C-domain RNAs were injected at
the indicated amount in the animal pole of two-cell stage embryos. At the blastula stage, animal caps were dissected and cultured in
saline solution. At the tailbud stages (stage 22), total RNA was harvested and analyzed by RT-PCR for the presence of the indicated
transcripts. Full-length human Smad6 (0.5 and 4 ng) induces NRP-1, a pan-neural marker, and XAG-1, a marker of cement gland.
Cement gland is induced efficiently even at the lower dose; induction of neural tissue requires a higher dose of Smad6. The isolated
C-domain RNA is a more potent inducer of both XAG-1 and NRP-1 than full-length Smad6. Neither construct induced muscle actin,
a marker of dorsal (paraxial) mesoderm. EF-1a, ubiquitously expressed, is a loading control. RNA from whole embryos (Embryo)
provides the positive control. The RT lane is identical to the embryo lane, except that reverse transcriptase was omitted. (E) Smad6
interferes with blood induction by a constitutively active BMP receptor. BMPR-IB(QD) RNA (1-1000 pg) was injected either alone or
together with Smad6 RNA (250 pg) in the animal pole. BMPR-1B(QD)-injected ectodermal explants show induction of globin at stage
30, and this response is blocked by coexpressed Smad6.

fere with the induction of a general mesoderm marker fused to the DNA-binding domain of GAL4 activates
(brachyury) or a dorsal mesoderm marker (goosecoid) by transcription of a GAL4 reporter gene in response to
the activin mediator Smad2 (Fig. 3A; Baker and Harland BMP2/4 or TGFR signals, respectively (Fig. 3B; Liu et al.
1996; Graff et al. 1996). Consistently, Smad6 was unable 1996). This activity requires the presence of Smad4 in
to inhibit the induction of muscle actin in animal caps the cell (Liu et al. 1997). Cotransfection of Smad6 com-
incubated with activin (data not shown). pletely abolished the activation of GAL4-Smadl by

To investigate the action of Smad6 in a mammalian BMP2 but did not affect the activation of GAL4-Smad2
cell system, we determined the effect of Smad6 on tran- by TGFB (Fig. 3B). Moreover, a GAL4-Smad6 C-domain
scriptional activation by Smadl and Smad2. In R-1B/L17 fusion protein was unable to activate transcription in
mink lung epithelial cells, full-length Smad1 or Smad2 this assay (data not shown). We also tested the activation
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Figure 3. Smad6 specifically inhibits the
BMP/Smad1l signaling pathway. (A) Smad6

A

blocks induction of ventral mesoderm by Smad1l — L e Emadzl — = N
Smadl but not induction of dorsal meso- SMadh e e Smadf &F ' "
derm by Smad2. An increasing amount of Ko7 i o
Smad6 RNA (0.5-4 ng) was coinjected with Hvert T L — Frasee . -
or without a fixed amount of Smadl or Xhox-3 Prgp— Brachyuny - —
Smad2 RNA (2 ng). Animal caps from in-

jected embryos were collected at gastrula EF-100 (— . o EF-r — . —
stage (stage 11.5) and subjected to RT-PCR.

Xvent-1 and Xhox-3 are markers of ventral c

mesoderm; goosecoid is a dorsal mesoderm B
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transfected with the reporter gene ;30_ se 8 ooiel (g )@ g
(G1E1BCAT, 1 pg), appropriate receptors g 8 ol [THENTI]T

(TBR-I for TGFB or BMPR-IB and BMPR-II B 20

for BMP2), and either a vector containing & »7 B T l T T T

the GAL4 DNA-binding domain (DBD) £ £

alone or fusion constructs of DBD with ?10- 251072 |nlial (=2 |g| | Activin
Smad1l or Smad2 in the presence or absence = 25 44 |all|slle]le] ]

of Smad6 (2 ug). Cells were incubated with 3 | 3 ol (PSS B

or without 5 nm BMP2 (B) or 100 pM TGFB  gtimulation - BT -B -B -T -T Ugand - + + + +

(T) for 18 hr. CAT activity is expressed as Smadé - -+ -+

the mean + s.D. of three independent experi- GALY GAL4Smad! GAL&Smad2 Smadé(ug) 0 0 01 1 2

ments. (C) TGFB or activin-induced tran- (080)

scriptional activation of the 3TP promoter

is not inhibited by Smad6. R-1B/L17 cells were transfected with the reporter gene (p3TP-lux) and type | receptors for TGFB (TBR-I)
or activin (ActR-1B) and were treated with or without 100 pm TGFB (top) or 2 nm activin (bottom) for 18 hr. The ratios of stimulated
to unstimulated levels of luciferase activity are indicated numerically, and their quotients plotted in the bar graph. Data are the
mean = s.D. of triplicate values. Notice that although Smad6 transfection decreased the basal as well as the agonist-induced levels of
luciferase activity, it did not decrease the relative induction by TGF or activin.

of the p3TP-lux reporter, which contains TGFB/activin
responsive elements from the PAI-1 promoter. Transient
transfection of p3TP-lux into L17/R1B cells, together
with the type | receptor TBR-I or ActR-IB, generated a
strong induction of p3TP-lux activity in response to
TGFB or activin (Fig. 3C). Doses of Smad6 vector well
above those that inhibited BMP signaling in this cell line
(see Fig. 3B) did not diminish the induction of 3TP-lux
by TGF or activin. Therefore, both in Xenopus embryos
and in mammalian cells, Smad6 selectively inhibited
BMP and Smad1 signaling.

Nonselective interaction with type | receptors

To determine whether Smad6 might selectively interfere
with the BMP/Smad1 signaling pathway at the level of
the BMP receptors, we cotransfected Smad6 constructs
with wild-type or constitutively active forms of various
type | receptors into COS cells, and analyzed the inter-
action of Smad6 with these receptors. When overex-
pressed in mammalian cells, both the full-length Smad6
(Fig. 4A) and the Smad6 C-domain (data not shown) can
interact with the BMP type | receptor BMPR-IB, and the
interaction is somewhat stronger with the hyperactive
mutant BMPR-IB(QD). Smad6 also bound to the kinase-
deficient BMPR-IB receptor [BMPR-IB(KR), data not
shown]. However, an interaction was detected also with
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the TGFB type | receptor TRR-I and the activin type |
receptor ActR-IB and their respective activated forms,
TBR-I(TD) (Wieser et al. 1995) and ActR-IB(TD) (Atti-
sano et al. 1996) (Fig. 4A). Smad6 is a phosphoprotein,
but in contrast to Smadl and Smad2 (Eppert et al. 1996;
Hoodless et al. 1996; Macias-Silva et al. 1996; Kretzs-
chmar et al. 1997) its phosphorylation level was not in-
creased in response to TGFB or BMP (Fig. 4B). Thus,
Smad6 appears to interact with type | receptors nonse-
lectively.

Smadé6 inhibits signaling downstream of BMP
receptors

Expression of truncated BMP type | receptor constructs
induces expression of neural markers in Xenopus ecto-
dermal explants by inhibiting the antineuralizing activ-
ity of endogenous BMP (Graff et al. 1994; Suzuki et al.
1994; Xu et al. 1995). This dominant-negative effect can
be reversed by overexpression of Smadl (Graff et al.
1996; Thomsen 1996). It is thought that under these con-
ditions, BMP signaling is restored in a BMP receptor-
independent manner through the basal activity of the
overexpressed Smad1 (Graff et al. 1996; Thomsen 1996).
We tested whether Smad6 would inhibit Smadl signal-
ing under these conditions. An ability of Smad6 to in-
hibit receptor-independent Smad1 signaling would sug-
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Figure 4. Smad6 is a phosphoprotein which binds to type |
receptors nonspecifically and inhibits downstream of BMP re-
ceptors. (A) Smad6 nonspecifically interacts with type | recep-
tors of the TGFp superfamily. COS cells were transfected with
Flag-tagged Smad6 and HA-tagged wild-type or constitutively
active type | receptor (QD and TD) for BMPs (BMPR-IB), TGFB
(TBR-1), or activins (ActR-IB). Cell lysates were subjected to
anti-Flag immunoprecipitation using a monoclonal antibody
followed by immunoblotting using anti-HA polyclonal anti-
body (toppanel). Immunoprecipitates of cells transfected with
receptor alone did not contain specific proteins (data not
shown). Similar levels of Smad6 and receptor expression were
confirmed by analyzing aliquots of total cell lysate by SDS-
PAGE followed by immunoblotting (middle and bottom pan-
els). (B) The level of phosphorylation of Smad6 is unchanged by
BMP2 or TGFB stimulation. R-1B/L17 cells were transiently
transfected with an empty vector (pCMV5) or with the Flag-
tagged Smads indicated at the bottom. Smad2- or Smad6-trans-
fected cells (lanes 2-5) were cotransfected with TRR-I; Smad1l-
or Smad6-transfected cells (lanes 6-9) were cotransfected with
BMPR-IB and BMPR-II. Cells were labeled with [*2P]phosphate,
stimulated with (+) or without (=) 100 pm TGFB or 5 nm BMP2
for 20 min. Flag-tagged Smads were purified by immunoprecipi-
tation with anti-Flag M2 antibody and analyzed by SDS-PAGE
and autoradiography. (C) Smad6 inhibits receptor-independent
Smad1l signaling. Expression of dominant-negative BMP type |
receptor (tBMPR-1A, 1 ng of RNA) induces neural tissue (NRP-1
marker) in Xenopus animal caps. Smadl (1 ng of RNA) prevents
neuralization when coexpressed with tBMPR-IA, but its activity
is inhibited by Smad6 and Smad6(C) (2 ng of RNA). EFl« is the
loading control.

Smad6 inhibits BMP signaling by an anti-Smad mechanism

gest that Smad6 acts downstream of BMP receptors. Fig-
ure 4C shows that coexpression of Smad6 or Smad6(C)
blocked the antineuralizing effect of Smadl. Thus, al-
though Smad6 interacts nonspecifically with type | re-
ceptors, it appears to inhibit the BMP/Smad1 pathway at
a level downstream of the receptor.

Smad®6 specifically associates with Smadl in response
to BMP

Because Smad6 inhibits downstream of the receptor, we
searched for evidence of a specific mechanism at the
level of Smad-Smad interactions. To this end, Smad con-
structs tagged at the amino terminus with the flag epit-
ope were cotransfected with Smad6 tagged at the amino
terminus with HA, and interactions between these pro-
teins were investigated in the presence or absence of ago-
nists. Figure 5A (top panel) shows that Smad6 associated
with itself in a ligand-independent fashion. In addition,
Smad6 associated with Smadl in response to BMP2 but
not in response to TGFB, and finally, Smad6 did not in-
teract with Smad2 or Smad4 in response to either BMP2
or TGFB.

In parallel assays, the Smad6 C-domain associated
constitutively with Smadl, and this interaction was
somewhat increased in response to BMP2 but not in re-
sponse to TGFB. However, no association was observed
between the Smad6 C-domain and either Smad2 or
Smad4 (Fig. 5A, bottom panel). The specificity of the
Smad6-Smadl association and the direct nature of this
interaction were demonstrated by use of a yeast two-
hybrid system. Using this approach, we have previously
shown that the homo- and hetero-oligomeric interac-
tions of Smad2 and Smad4 are mediated by their C-do-
mains (Hata et al. 1997). A LexA-Smad6 C-domain fu-
sion protein was used as bait. Although the C-domain of
Smad6 was able to interact with another Smad6é C-do-
main or with the Smadl C-domain, it did not interact
with the C-domains of Smad2 or Smad4 (Fig. 5B). This
suggests that Smad6 and Smad1 can interact directly and
specifically with each other in a BMP-dependent fashion.

Smad6 competitively inhibits formation
of the Smad1l-Smad4 complex

The properties of the Smad6-Smadl interaction de-
scribed above are very similar to those of the Smad4-
Smad1l interaction. In both cases, the interaction be-
tween the full-length proteins is dependent on BMP
stimulation (Lagna et al. 1996) and the interaction by the
C-domains is constitutive (Hata et al. 1997; A. Hata and
J. Massagué, unpubl.). A major difference is that Smad4
can interact with different receptor-activated Smads
(Lagna et al. 1996; Zhang et al. 1997), whereas Smad6
interacts with receptor-activated Smadl but not recep-
tor-activated Smad2. These observations not only sug-
gested that Smadl is the specific target of Smad6 but also
raised the possibility that Smad6é might act by competing
with Smad4 for receptor-activated Smadl.

To test this hypothesis, we determined the effect of
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Figure 5. Smad6 interact with itself and Smad1, but not with
Smad2 or Smad4. (A) Specific interaction between Smadl and
Smad6. COS cells were transiently transfected with Flag-tagged
Smads as indicated on the top, and HA-tagged Smad6 (toppanel)
or Smad6 C-domain (bottom panel). Cells were treated with 5
nm BMP2 or 100 pm TGFB for 1 hr before harvest. Cell lysates
were subjected to immunoprecipitation with anti-Flag antibody
and then immunoblotting using the anti-HA monoclonal anti-
body 12CADS5. Expression of Smads was measured by anti-Flag or
anti-HA immunoprecipitation of aliquots of cell lysates, fol-
lowed by anti-Flag or anti-HA immunoblotting (bottompanel).
[lg(H) and Ig(L)] Immunoglobulin heavy and light chain bands,
respectively. (B) The interaction between Smadé C-domain and
Smadl C-domain is specific and direct. The C-domains of
Smadl, Smad2, Smad4, and Smad6 fused to the GAL4 activa-
tion domain (GAD) were tested for interaction with Smad6 C-
domain fused to the LexA DNA-binding domain in yeast. Inter-
action was monitored by the B-galactosidase assay, which al-
lowed us to score for association by the presence of blue color.

Smad6 on Smadl1-Smad4 association. Smad6 overexpres-
sion completely inhibited the formation of a Smadl-
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Smad4 complex in response to BMP2 (Fig. 6A, top panel).
Importantly, concentrations of Smad6 that completely
inhibited formation of the Smad1-Smad4 complex in re-
sponse to BMP2 did not inhibit the BMP2-induced phos-
phorylation of Smadl (Fig. 6A, bottom panel). We did
observe an inhibition of Smadl phosphorylation by
Smad6, but only when the Smad6-Smad1 concentration
ratio was 10-fold higher than the highest ratio used in
Figure 6A (data not shown).

To determine more directly whether Smad6é and
Smad4 compete for receptor-activated Smadl, we co-
transfected HA epitope-tagged versions of full-length
Smad4 and the Smad6 C-domain together with flag epi-
tope-tagged Smadl. In the absence of BMP stimulation,
the constitutive association of Smadl with Smadé C-
domain described above was not inhibited by Smad4 (Fig.
6B, left). However, upon stimulation with BMP2, in-
creasing concentrations of Smad4 progressively associ-
ated with Smad1l displacing the Smad6é C-domain from
the complex (Fig. 6B, right). In accordance with this ob-
servation, inhibition of BMP2-induced GAL4-Smad1 ac-
tivation by Smad6 was rescued by coexpression of Smad4
(Fig. 6C). Collectively, these results suggest that Smad6
acts not by inhibiting receptor activation of Smadl but
by competitively inhibiting the association of Smad4
with receptor-activated Smad1l.

The inhibitory activity of Smad 6 segregates with its
ability to interact with Smadl

To test further the mechanism of Smad6 action, we gen-
erated two Smad6 mutants, G471S and A478. Both mu-
tations are located in the L3 loop, a region implicated in
heteromeric Smad-Smad interactions and exposed to the
surface in the Smad4 crystal structure (Shi et al. 1997).
The G471S mutant corresponds to a point mutation
found in Drosophila Mad (Newfeld et al. 1996), whereas
the A478 mutant is deleted of amino acids 478-496 at the
carboxyl terminus and is equivalent to a cancer muta-
tion in Smad4/DPC4 (Hahn et al. 1996). The A478 mu-
tant protein was unable to interact either with type |
receptors for the TGFB superfamily (Fig. 7A) or with
Smadl (Fig. 7B) and lost the ability to inhibit BMP-de-
pendent GAL4-Smad1 activation (Fig. 7C). Importantly,
the G471S mutant protein could still associate with type
| receptors (Fig. 7A) but lacked the ability to interact
with Smad1 (Fig. 7B) or to inhibit signaling (Fig. 7C). The
failure of the G471S mutant to inhibit Smadl responses
while retaining its ability to bind receptors strongly sup-
ports a mechanism in which the inhibitory action of
Smadé6 is triggered not by a block at the receptor level
but by a physical interaction with Smad1l that prevents
formation of the Smadl-Smad4 heterocomplex.

Discussion

Smad6 as a selective antagonist of the BMP/Smad1
signaling pathway

Smadé6 is a divergent member of the Smad family—its
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for 20 min, and harvested. Cell lysates were subjected to immunopre-

cipitation with anti-Flag M2 antibody and analyzed by SDS-PAGE and autoradiography (bottom panel, *2P label). Expression of Smad1
was monitored by immunoprecipitation followed by immunoblotting using anti-Flag M2 antibody (bottom panel, aFlag blot). (B)
Smad4 disrupts the formation of a complex between Smadl and Smad6(C). COS cells were transiently transfected with Flag-tagged
Smad1 (2 pg), HA-tagged Smad6é C-domain (2 pg), and increasing amounts of HA-tagged Smad4 (1, 2, 4, 8 ug). Cells in the right panel
were treated with 5 nm BMP2 for 1 hr before harvest. Cell lysates were subjected to immunoprecipitation with anti-Flag M2 antibody
followed by immunoblotting using anti-HA monoclonal antibody (12CA5). The migration of Smad6 C-domain and Smad4 proteins is
indicated at right. Increasing doses of Smad4 do not affect Smad1-Smad6(C) complex formation in the absence of BMP2 stimulation;
however, in the presence of BMP2, formation of the Smad1-Smad4 complex inhibits Smad1-Smad6(C) complex formation. (C) Smad4
rescues the Smad6-induced inhibition of BMP-dependent Smadl activation. R-1B/L17 cells were transfected with the reporter gene
(GAL4-lux, 1 pg), BMPR-IB (1 pg), BMPR-II (0.1 pg), and either a vector containing the GAL4 DNA binding domain (DBD) alone or a
GAL4(DBD)-Smad1 fusion construct. Smad6 (2 pg) and/or Smad4 (4 pg) were cotransfected where indicated. Cells were incubated with
(solid bars) or without (open bars) 5 nmr for 18 hr. Luciferase activity is expressed as the mean * s.p. of two independent experiments.

closest relative being Smad7. The human Smad6é cDNA tivity is inhibited by BMP-sequestering proteins includ-
clones isolated in the present study encode a protein ing Noggin, Chordin, and Follistatin. The present study
with an overall domain structure typical of Smads. Most reveals that Smad6 is a member of a novel class of BMP
of the sequence elements that form the core B-sandwich pathway inhibitors operating intracellularly. Evidence
in the crystal structure of the Smad4 C-domain (Shi et al. for this is provided by experiments with Xenopus em-
1997) are discernible in the Smad6 C-domain. However, bryos. In the ectoderm of these vertebrates, BMP4 sup-
Smad6 lacks the carboxy-terminal SSXS receptor phos- presses the differentiation of neural tissue and induces
phorylation sequence found in receptor-regulated Smads epidermal fate (Wilson and Hemmati-Brivanlou 1995).
(Macias-Silva et al. 1996; Kretzschmar et al. 1997), as Interference with BMP signaling in ectodermal explants,
well as a carboxy-terminal region, which participates in by use of dominant-negative BMP ligands or receptors,
a three-a-helix bundle in Smad4 that mediates homotri- results in the appearance of neural fate. In the ventral
meric interactions (Shi et al. 1997). Thus , the Smad6 side of the ectoderm, where BMP signals remain active,
C-domain may have an overall fold similar to that of the cells adopt an epidermal fate (for review, see Wilson
Smad4 but may establish homo-oligomeric interactions and Hemmati-Brivanlou 1997). BMP signaling is also in-
through unique nonconserved regions. volved in patterning of the mesoderm, where it induces

The present results show that Smad6 can selectively ventral fate; interfering with BMP signaling in the ven-
antagonize the BMP/Smad1l signaling pathway. During tral side reveals the default dorsal fate of the mesoderm
development and in the adult, BMPs control many as- (for review, see Graff 1997). In this study we show that
pects of tissue formation and homeostasis (for review, Smad6 can induce cement gland and neural tissues in
see Hogan 1996), and regulation of BMP activity is of ectodermal explants in a cell-autonomous and dose-de-
critical importance. In the extracellular space, BMP ac- pendent manner, without inducing mesoderm. Further-
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more, Smad6 also inhibits induction of a ventral meso-
derm marker by a BMP receptor. Similar effects were
observed recently with Dad, a Drosophila homolog of
Smad6 (Tsuneizumi et al. 1997).

Smad6 does not interfere with formation of the pri-
mary axis, a process that requires signaling via the ac-
tivin receptor (Hemmati-Brivanlou and Melton 1992).
When directly challenged by Smad6 in a Xenopus animal
cap assay, Smad1l, but not Smad2, action was inhibited
by Smad6. Furthermore, Smad6 antagonized BMP signal-
ing in a GAL4 transcriptional assay in lung epithelial
cells, but it did not antagonize TGFB or activin in this
assay or in a 3TP-lux reporter assay. Thus, Smad6 inhib-
its BMP/Smad1l signaling selectively, without inhibiting
Smad2 signaling in Xenopus embryos or TGFB and ac-
tivin effects in mammalian cells. Smad6é may comple-
ment intracellularly the BMP inhibitory functions of
Noggin, Chordin, or Follistatin and may play a key role
in cell-autonomous determination of cell fate.

Smad6 as a Smad4 decoy: specific competition
for receptor-activated Smadl

What mechanism accounts for the selective inhibition of
the BMP/Smad1 pathway by Smad6? Our study suggests
that Smad6 acts by inhibiting the formation of a Smad1-
Smad4 complex upon BMP receptor activation. Forma-
tion of this complex, which requires receptor-mediated
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phosphorylation of Smadl, is essential for Smad1 signal-
ing (Lagna et al. 1996; Kretzschmar et al. 1997). Under
our conditions, Smad6 inhibits the formation of this
complex not by inhibiting Smadl phosphorylation but
by competing with Smad4 for receptor-activated Smad1l
(Fig. 8). Upon BMP receptor activation, a Smad1l-Smad6
complex is formed at the expense of Smadl-Smad4 com-
plex formation. As with the Smadl-Smad4 interaction
(Hata et al. 1997), a Smad1-Smad6 interaction directly
mediated by the C-domains of these proteins is detected
in the yeast two-hybrid system. Thus, Smad4 and Smad6
may compete for overlapping binding sites in Smad1.
The selectivity of the Smadl-Smad6 interaction ob-
served here is consistent with the specificity of the
Smad6 anti-BMP effects and the ineffectiveness of
Smad6 as an inhibitor of Smad2 signaling. Under our
assay conditions, Smad6 does not interact with Smad2 in
response to TGFB in mammalian cells, or in a yeast two-
hybrid system. It was recently proposed that Smad7 in-
hibits TGFp signaling by binding to TGFp receptors and
inhibiting receptor-mediated Smad2 phosphorylation
(Hayashi et al. 1997; Nakao et al. 1997). We observed
that when overexpressed, Smad6 can interact indiscrimi-
nately with wild type, kinase-defective or activated mu-
tant forms of type | receptors for BMP, TGFj, or activin.
However, levels of Smad6 that are sufficient to block the
Smad1-Smad4 interaction and signaling in mammalian
cells do not inhibit BMP-induced Smadl phosphoryla-
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Figure 8. Proposed mechanism of action of Smad6. Upon phos-
phorylation by the BMP type | receptor, Smadl can interact
with either Smad4 or Smad6. Although the Smadl-Smad6 com-
plex is inactive, the Smad1-Smad4 complex triggers the expres-
sion of BMP responsive genes. The ratio between Smad4 and
Smadé6 in the cell can modulate the strength of the BMP signal.

tion. Furthermore, a Smad6 mutant (G471S) that binds
to the type | receptors but does not bind to Smadl no
longer inhibits BMP/Smad1 signaling. Thus, the inter-
action between Smad6 and type | receptors cannot ac-
count for the ability of Smad6 to specifically inhibit
Smad1 signaling.

Recently, it was reported by Topper et al. (1997) and
Imamura et al. (1997) that Smad6 can inhibit TGFp sig-
naling. However, the former study used the product of a
Smad6 clone identical to JV15-1 which, according to our
unpublished observations, is expressed at very high lev-
els ((M00-fold higher) when compared to full-length
Smad6. At such levels, Smad6 may interfere with TGFB
receptor function. Like Imamura et al. (1997), we ob-
served a reduction of Smadl phosphorylation by Smad6
but only at concentration ratios of Smad6 to Smad1 10-
fold higher than those required to fully inhibit Smad1-
Smad4 association and signaling. The anti-receptor
mechanism proposed by others might play a role in con-
ditions of high Smad6 overexpression. The mechanism
proposed here is more consistent with the ability of
Smad6 to selectively inhibit BMP/Smadl signaling in
Xenopus and mammalian cells.

By preventing the Smadl-Smad4 interaction, Smad6
would inhibit those BMP responses that depend on it. It
is possible that Smad6 binding might direct the activated
Smadl to a different set of intracellular targets. How-
ever, we have no evidence that the Smad1-Smad6 com-
plex has a separate signaling function. The effects that
we have observed can therefore be attributed to the abil-
ity of Smad6 to function as a Smad4 decoy, generating
inactive Smadl-Smad6 complexes in competition with
Smad4 (Fig. 8). Smad6 may set a threshold that Smad4
must surpass to achieve signal propagation via Smadl.
Because Smad6 does not associate with Smad2, the
threshold imposed by Smad6 would not interfere with

Smad6 inhibits BMP signaling by an anti-Smad mechanism

the TGFp signaling pathway. This and other Smad path-
ways may be controlled by separate antagonists perhaps
related to Smadeé.

Materials and methods
Cloning of human and Xenopus Smad6

The C-domain of human Smad6 (amino acids 272-496) was ob-
tained by PCR amplification from a human liver cDNA library.
Primers for the PCR were designed on the basis of the reported
sequence for JV15-1 (Riggins et al. 1997). Using this partial hu-
man Smad6 fragment as a probe, cDNA libraries made from
human Jurkat cells (Clontech) and Xenopus tadpole head (Hem-
mati-Brivanlou et al. 1991) were screened. The human library
yielded 12 independent clones that were isolated and se-
quenced. Except for some clones containing the Smad6 se-
quence fused to unrelated fragments, all of the cDNAs encoded
a 496-amino-acid protein (GenBank accession no. AF035528).
Two Xenopus cDNAs were found to encode mostly overlapping
sequences corresponding to the last 276 amino acids of human
Smad6 (GenBank accession no. AF035529).

Construction of expression vectors

Human Smad6(FL)/CS2, human Smad6(C)/CS2, and Xenopus
Smad6(C)/CS2 were generated by subcloning the entire open
reading frame or the C-domain regions of human and Xenopus
Smad6 (amino acids 272-496 of human Smad6) into a modified
CS2 vector (Baker and Harland 1996; Turner and Weintraub
1994). Human Flag-Smad6(FL or C)/CS2 and HA-Smad6(FL or
C)/CS2 were constructed from Smad6(FL or C)/CS2 by intro-
ducing the Flag or HA epitope tags at the amino terminus by
PCR. The construction of Flag-Smadl1/pCMV5, Flag-Smad2/
CS2, Flag-Smad4/CS2, Smad4-HA/pCMV5, pGAL4-Smadl,
and pGAL4-Smad?2 is described elsewhere (Lagna et al. 1996;
Liu et al. 1996; Hata et al. 1997). Smad6 (A478 and G471S) was
generated by a PCR-based method.

Cell lines and transfections

COS cells and R-1B/L17 cells were maintained in high-glucose
Dulbecco’s modified Eagle’s medium supplemented with 10%
FCS and minimal essential media containing 10% FCS, respec-
tively. For transient transfection, cells were seeded at 70%-80%
confluency and were transfected with DEAE-dextran as de-
scribed previously (Attisano et al. 1996).

In vivo phosphate labeling

For [*2P]phosphate labeling, transiently transfected COS cells
were washed and preincubated with phosphate-free media. The
cells were then incubated with media containing 1 mCi/ml of
[*?P]phosphate for 2 hr at 37°C. Twenty minutes before the end
of labeling, 100 pm TGF-B or 5 nm BMP2 (a gift from V. Rosen,
Genetics Institute, Cambridge, MA) was added. Immunopre-
cipitations and immunoblotting analyses were performed as de-
scribed (Lagna et al. 1996).

Yeast two-hybrid system

The LexA-Smad6(C) (amino acids 272-496) fusion construct
and GAL4 activation domain (GAD)-Smads fusions were cre-
ated in pBTM 116 (Hata et al. 1997) and pGAD424 (Clontech),
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respectively. Interactions were tested by measuring B-galacto-
sidase activity.

Transcriptional assay

R-1B/L17 cells were transiently transfected with 1 pg of re-
porter plasmid (G1E1BCAT, GAL4-lux, or p3TP-lux), 0.1 pg of
BMPR-IB/BMPR-II, TBR-I, or ActR-IB, 0.5 pg of the GAL4 de-
rivatives (for GAL4 assay), and different amounts of Smad6/
CS2. Cells were treated with or without 100 pm TGFB, 5 nm
BMP2, or 2 nm activin for 18 hr, and CAT or luciferase assay was
performed as described before (Kretzschmar et al. 1997).

Xenopus injections and animal cap assay

RNAs used for injections were synthesized in vitro in the pres-
ence of cap analog using the mMessage mMachine kit (Ambion)
and SP6 RNA polymerase. The DNA templates were obtained
linearizing the corresponding pCS2 constructs with Ascl. For
the induction of secondary axis, RNAs encoding Smads were
coinjected with nuclear p-galactosidase RNA as described pre-
viously (Smith and Harland 1991). For the animal cap assay,
RNA (10 nl, 0.5-4 ng) was introduced in the animal pole of
two-cell embryos. Animal caps were explanted at blastula stage
and cultured to the indicated stage. RT-PCR was performed as
described (Lagna et al. 1996).
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